The intracellular deposition of neutral lipid in skeletal muscle of dairy cows before and after calving has been studied in biopsy samples taken from 72 cows in three herds.
Abstract. The intracellular deposition of neutral lipid in skeletal muscle of dairy cows before and after calving has been studied in biopsy samples taken from 72 cows in three herds.
The amounts of neutral lipid in individual fibers were estimated using Oil red a-stained sectionsand an average value was calculated for each fiber type within a sample. Intracellular lipid deposition occurred mainly in type I fibers and reached its highest level one week after calving. The amount of lipid in muscle at this time showed a high correlation with the amount of lipid in liver and with the rate of lipid mobilization from tissue reserves.
Myopathies are reported increasingly in adult dairy cows [6, 16] , perhaps as a result of changes in feeding practices or high milk yields. Greater awareness of the susceptibility of muscle to degenerative changes also may have resulted in the increased diagnoses of myopathies. In man, a group of lipid-storage disorders has been recognized [18] which involve accumulation of neutral fat in cytoplasmic vacuoles in skeletal muscle; defects in the transport of long chain fatty acids were involved.
Some muscle fibers contain small lipid droplets adjacent to mitochondria [22] , and this lipid may serve as a source of fuel for the oxidative metabolism of these fibers. The bulk of intramuscular lipid is located in the intercellular and interfascicular connective tissue. This is particularly true of adult bovine muscle where virtually no intracellular lipid is detectable with the light microscope in samples taken from cows in mid to late lactation, or from non-milking cows (Roberts. unpublished observation); however, large quantities of lipid may be present between the fascicles.
In the period around calving and during the first few weeks of lactation, many high-yielding cows are subjected to severe energy deficits as production outstrips appetite. and energy reserves in body tissues are mobilized for milk production [3) . Excessive rates of mobilization lead to deposition of lipid in body tissues, and the extent of this deposition may be very severe in some cattle [23, 25] .
Ultrastructural features of the lipid deposited in muscle have been described briefly [4] . This paper describes the sequence and scale of deposition and relates the circumstances of deposition to other features of tissue mobilization in the periparturient period.
Materials and Methods
Friesian cows from three herds were used in this study. Two of the herds (A and 8) were commercial herds which were housed in straw yards during the winter and fed a complete diet comprising maize silage, lucerne silage, dried lucerne, concentrate and hay. All cows in herd A which calved for the third to ftfth time between October, 1977 and March, 1978 were included in the sample if they had produced at least 5500 kg of milk in the previous lactation (26] . All cows in herds A and 8 which calved between September, 1978 and April, 1979 and which fulfilled similar conditions of parity and production were included in the sample (23] . The third herd (C) was an experimental herd which was housed permanently in small yards with cubicles. Cows were fed individually, according to appetite after calving, on a diet of sugar-beet pulp, brewer's grains. and concentrates. They were fed five times daily with hay available ad libitum between feeds. These cows were sampled between November, 1979 and March, 1981.
The sampling and analytical techniques used in this study have been described in detail elsewhere (23, 25] . The techniques used (10] for muscle sampling, processing and analysis will be summarized. The skin overlying the muscularis trapezius thoracalis immediately behind the shoulder was anesthetized with 2% lignocaine hydrochloride. This was done carefully to ensure that the anesthetic was injected subcutaneously. An 8-cm incision was made through the skin parallel to the fibers of trapezius.
The muscle sheath was divided and polyvinyl chloride clamps (7] were sutured to a small strip of muscle (20 X 3 X 3 mm) which was excised and plunged into chilled phosphatebuffered 3% glutaraldehyde to which 4% paraformaldehyde had been added. After two hours in this fixative, pieces of the muscle were dissected into fresh phosphate buffered glutaraldehyde, post-fixed in 1% osmium tetroxide, and processed routinely for electron microscopy.
A further sample was excised from the muscle and a block about 10 X 5 X 5 nun was trimmed, placed on a cork, and plunged into 2-methylbutane at -160°C (10] . Frozen blocks were maintained in dry ice for transport to the laboratory. Transverse serial sections (10,.un) of the blocks were cut in a cryostat. Various stains and histochemical reactions were applied to the serial sections, including Verhoeff-van Giesen, myosin adenosine triphosphatase (ATPase) (21) , succinate dehydrogenase (20] ,a-g1ucan phosphorylase (14] and bromine Sudan black 8 (2) . Areas of the sections containing 200 to 300 fibers were drawn with a drawing tube attached to the microscope at a magnification of 200 times. Individual fibers in each serial section were identified on the drawing and labelled with the reaction of the fiber. Fibers were assigned to one of three types: type I, type 2A and type 28 (10) .
The amounts of intracellular lipid in the fibers were estimated in Oil red O-stained sections (15] . A value on a scale of 0 to 4 was assigned to the lipid in every typed fiber and an average lipid value was calculated for the amount of lipid in each type of fiber in the sample.
Times of sampling of different groups of cows before and after calving are indicated in the results section.
Results
All the Oil red O-stainable material in sections of trapezius mUSCle taken from cows in late lactation and the dry period was located in the interfascicular connective tissue. This is illustrated in fig. I , which shows that Sudan black B-stainable lipid is present within the fibers, but there is no neutral, Oil red a-stainable lipid within the , , . . fibers. Electron microscopic examination of ultrathin sections from these cows showed that small amounts of lipid were present in droplets adjacent to the mitochondria in some fibers.
Serial sections from a cow one week after calving are shown in fig. 2a-2d . Large droplets of Oil red a-stainable material were present within certain fibers, usually type I fibers identifiable by the acid-incubated (pH 4.3) ATPase reaction. The Verhoeff-van Gieson and ATPase sections had holes in the substance of these fibers which may indicate dissolved lipid. The holes are shown more clearly in the I-JLm plastic-embedded section in fig. 2e . The electron micrograph ( fig. 2f ) of the same sample demonstrates large amounts of lipid adjacent to the mitochondria. Fig . 3 shows another area of fibers in the same section with the value assigned to the amount of lipid within each fiber, as demonstrated by Oil red a staining. Table I shows the amount of lipid contained in the fibers of cows from the three herds one week after calving. The level of deposition generally was uniform within each muscle section although variable between cows. In herd A, 15 out of 19 cows had lipid droplets in type I fibers; in herd B, 34 out of 37 cows, and in herd C, all the cows had some deposition in type 1 fibers . In all cows, the average deposition in the fibers classified as types 2A and 2B was attributable to a few fibers which contained much lipid. No lipid was found in type 2 fibers in the absence of lipid in type I fibers. Table II shows the lipid values in type 1 fibers in cows from herds Band C before and after calving. Some lipid infiltration of the skeletal muscle fibers occurred before calving, with a large increase in the amount of lipid present just after calving. The amount of lipid in the type 1 fibers declined to a low level by eight to 12 weeks after calving; by 26 weeks, no lipid was detectable in most cows. This sequence is depicted in fig. 4 ., which also shows the mean values for liver lipid percentage and plasmafree fatty acid concentration in herd C at various times before and after calving. In herds A and B, the amount of lipid deposited in muscle fibers one week after calving was correlated significantly with the amount of lipid in liver at the same time (herd A: r = 0.63, P < 0.01; herd B: r = 0.51, P < 0.00I) and with the plasma-free fatty acid concentrations (herd A: r = 0.67, P < 0.01; herd B: r = 0.57, P < 0.001).
Discussion
Direct chemical methods are usually the methods of choice for lipid analysis of tissues. The techniques used in this study were selected because chemical analysis of blocks of muscle will distinguish neither lipid in different fiber types nor intracellular and extracellular lipid. The results presented in this paper show clearly that the most important aspect of the lipid deposition is the specific intracellular deposition in type 1 fibers.
During the early stages of the studies on skeletal muscle of periparturient cows, Sudan black B was used as the lipid stain for cryostat sections. This stain was • Arbitrary scale of 0-4. See fig. 3 for examples of each grade. • Arbitrary scale of 0-4. See fig. 3 for examples of each grade.
satisfactory for general differentiation of fiber types [II), and we found that the succinate dehydrogenase reaction and the Sudan black 8 stain gave similar results. However, so much Sudan black 8-stainable material was present in oxidative fibers that it was difficult to discern an increase in neutral lipid deposition within fibers. This problem did not arise with Oil red 0 and the value of this stain for evaluating neutral lipid content is shown in fig. 3 . Oil red 0 is of no value for fiber typing as the amount of lipid present is determined by the nutritional status of the animal as demonstrated in this paper.
The techniques used in this work distinguish three basic muscle fiber types. It is probable that sub-types exist [10] , and an inherent error may account for the few apparently glycolytic fibers which contained much lipid. in apparent contradiction of the finding in herd A that deposition occurred only in type 1 fibers [25] . The results. nevertheless, demonstrate clearly that lipid deposition occurs predominantly in type I fibers.
Intracellular accumulation of lipid droplets in skeletal muscle has been described in many experimental situations. particularly in response to the administration of catecholamines. In one study of dogs [19] , lipid infiltration occurred in certain skeletal muscle fibers as well as in the proximal tubules of the kidney and in the myocardium during excessive mobilization of fatty acids induced by infusion of noradrenaline.
We have described previously a "fat mobilization syndrome" in cows [25] where the output of fatty acids from the fat depots in response to negative energy balance appeared to be much greater than the cow required for correction of the energy deficit. Consequently. fatty liver and fatty muscle developed and the amount of lipid in the tissue was correlated highly with the amount of lipid mobilized. Studies on the pathogenesis of experimentally induced fatty liver in cows have shown that there is an increased flux of free fatty acids to the liver and a decreased hepatic output of triglyceride possible due to a reduction in synthesis of apoprotein [24J. Fatty muscle may develop similarly because of an increased flux of free fatty acids and a reduced capacity to export esterified fatty acids. It also is possible that a relative deficiency of essential metabolites may develop in these circumstances. In particular, a deficiency of carnitine has been shown to induce a type I lipid myopathy in man [8, 9, 12J similar in many respects to that described in cows in this paper. The carnitine precursors, lysine and methionine, have been suggested as limiting amino acids in high-yielding cows [26] , and this may be an important link in the development of fatty tissue.
It is difficult to assess the pathological significance of excessive lipid mobilization and deposition [17] . Fatty change in type I fibers has been found in starved sheep [27J. The cows in this study, however, were not deprived of food or subjected to any experimental treatment. They were normal cows subject to normal farming practices, and the widespread development of fatty tissue in these circumstances requires further investigation into the pathology and pathogenesis of the condition. The physiological limit of lipid deposition in these fibers does not appear to have been established [17] , but there are reports of ataxic myopathies in man in which the amount of lipid in type I fibers was similar to that reported here [5, 13J. It is possible that very heavy deposition of lipid in a few cows after calving may contribute to the pathogenesis of the "Downer Cow Syndrome" [I] by causing muscle weakness and ataxia.
